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ABSTRACT

Composite tubes, consisting of a graphite liner confined in
an ahiminum sleeve. were subjected to hydrostatic burst tests
at room temperature. The pressure at which the graphite liner
failed !s increased significantly by the reinforcing sleeve. The
results are compared with a theoretical expression based on
strergth of material considerations.
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lfot-gat duc'to for roci~et motors normally are 1lined with an
g xttcria' which may serve also as a heat sink. Graphite

:s ai god 4 ialdate Liner material which has both a low density an~d
ersli ra1te. its short-time strength at elevated temperatures, tho~ugh

low itn niagcltude, stirpas ses the high -temperature str-ength of many

In typical applications, hot-gas ducts are subjected to high internal
o~rtiure loading which precedes extensive heating. Therefore,
exploratory tests at room terrperature were made to determine the
fracture behavior of a, graphite liner co~nfined In a metallic sleeve. The
test method t~mployed caused the tube assembly to be subjected essen-
tially to simple hoop tension stresses. To facilitate the analytical work,
it was decided that the initial contact pressure or clearance between
tubes should be zero. Since obtaining a zero clearance by mechanical
means would be d~fficult, the tubes were machined with a known clear-
anLe and contact between the tube surfaces was accomplished by filling
the annular void with an epoxy resin that was filled with metallic
p ow dcr .

2, Icm Matrruls 2nd Mc:bod

All of the graphite tube specimens bad a nominal inside diam-
eter of i2. 000 inches, an outice diameter of 2. 625 Inches, and a length
of 8 inches (Figure 11. These specimnes were machined from Graph-
I-Tite, Grade G. whic!, was received in the form of tubular stock:
l1/ 16 -inch inside *diameter, Z%/-lnch outside diameter, and 48 inches
long. This graphite was fined -grained and had an apparent density
of 1. 88 grams/cubic centimeter. All cylindrical surfaces were paper
polished after mnachining.

The aluminum sleeves, in which the graphite tubes were installed
(Figure 1), weri. machined from 6061-T6 tubular stock. These sleeves
were machined with wall thicknesses of 0. 050, 0. 075. and 0. 100 ipch;
they also were 8 Inches long and had a nomirtal inside diameter of
Z. 625 inches. To provide a known radia! clearance between the graphite
outside diameter and aluminum inside diameter surfaces, the aluminum
sleeves were machined first and then the graphite tubes we-re machined
and mated to a particular sleeve. Two sets of clearances were used.
For tube assemblies with "small" clearances, the -difference in inside
diameter and outside diameter ranged from 0. OOZ to 0. 04 inch; for
the "large" 'Aearances, this difference ranged from 0. 009 to 0. 012 inch.
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tt ul tt ,).LPuslte tube specimens. both
;:ll o-,tttt i'anietv eurfa'ces o_) the graphite tib s &nd the inside
~iikai~tcr sutrfcra of the aluminum sleevep were coated with a thin
tvytr of epoxy resin filled with aluminum powder. By volume, this

colrs conoistcd oi SO parts resin (EPI-REZ-51o, jones Dabney
ic orn'ao'w), SPQ p~Arts curing agent (EPI-CURE-855. Jones Dabney
Coxvipany), ,nd 100 parts aluminum powder (grade 101, Metal Disinte-
Srading Go npany), The excees coating material was eliminated during
ascernbly, which ill most cases coAi? be readily accomplished by
nvanujal nmanti. For several of the assemblies with small clearances,
howevre, a force of the order o1 100 pounds was required to insert the
graphite tobe compldetely into the zlumivium sleeve.

The coriaposite tube specimens were potted in two batches which
art referrrd to as Run Noe, I and Z. Identical procedures, which
included a reji'n drying period of fromn 12 to 14 days before testing.
were ticed in both cases.

fi'e coIUtipunite tube assembly, as well as graphite tkibea individ..
aally, was subjcct.vA to internal fluid (water) pressure by using a p!ug
fixture which utilized rubber 0-ringst for sealing (Figure 1). The
distance bettween the centerlines of the 0-ring gruwve! was 71/2 inches.
in all cases. a thin coating of paraffin was applied to the graphite's
injide diumeter sut face to prevent or minimize fluid penetration into
the grapnite. A simple piston and cylinder asserably driven by the
cros shea-I motian of a universal tester was used for the pressurization
actirce. The internal pressure history within the test specimen was
aernbed by a rtandard pressure cell and was recorded as a function of
time (F~igure Z); the peak pressures, also, wer--- indicated on a
bourdon tube-type gage.

Post-test inspections of the internal surfaces of the graphite tubes
we~e made in order to reveal the failure cracks. In the inspection
mzthod, a rioz develcper and a red dye penetrant were utilized. These
were applied after rtmoving the paraffin coating. Pre-test inspections
were performed only on the grap~~.ite specimens that were used during
Run No. 2.

i. Analyticall Mcdod

The experimental fracture pressure results for the graphite
tubes confined in metal sllvieves were compared to predictions which
were bas3,rd on the strength of material consideration.



h ; Fi" rt '€ ., hl'it . i korretopt idv to the graphite tube while
-,bc M,) .' rcivr6 to the m1etallic sleve. The graphite tube will

irlcturc k, hoop CteiIion -t radius "a" wheit the internal pressure. Pi#
ch*6'e a given magnitude. Assigning the samrse radius, "b., to the

itt. ide diameter of Tube No. I and the inside diameter of Tube Nc. ?
it plies that initially the two tubes were in contact and there were no

prcstresoua. Tht contact pressure, POO was generated ais the corn-
po6ste tube atsemly was expanded. Farther. it must be assumed that
only elastic deformations took place ard that both tube materials had
isotropic properties. For the metal tub-t. the experiment can easily
;e designedd 4o that only elastic deformation would take place. For the
graphIte tube, ihe assumption of elastic behavior to fracture conditions
was not true but was reasonable. The assumption of isotropic elastic
-Oroperties for the graphite was invalid. In this exploratory study.
therefore. it was assumed that typical or average properties, with
respect to various physical directions, could be employed.

With the abo. e assumptions, the following expression for the
internal pressure at which the graphite will fail in hoop tension may
be derived readily from the radial displacement equations for thick
wall cylinders: Z

sI + (P+ (1)E/E

where

a l," a (See Figure 3.)
cbz +-bal

c2 - bt (See Figure 3.)

Ft = Poisson's ratio for Tube No. 1

z = Poisson's -atio for Tube No. 2

El = Young's modulus for Tube No. I

E s = Young's modulus for Tube No. 2

t, -- Tensile strength of Tube No. I

pi - Internal pressure at fractute of T'ube No. I
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di ad 1." ,~ redtzesi to

or tho jainda, ,'d thick w1l streats formula for a tuoe made of a single
.ntaterial and without a cylindrical interface.

4. Rcsui,

The internal presstures, at which the graphite tubes failed

while confined in aluminum sleeves, were determined for 29 room

temperature tests (Tables I and II). The time-to-fracture psriods

ranged from about 130 to 260 seconds; these periods were defined as

the time required for the pressure to increase from 10 percent of the

failure pressure to the failure pressure (Figure 2). The average

(five tests) hoop tensile strength for the graphite tubes when not con-

fined was 3157 psi which corresponds to an internal pressure of 838 psi

at fracture. This tensile strength was greater than the vendor's value

(2900 psi) as well as a value (Z840 psi) reported for thin-wall tubes

tested :,ydrostatically. 3 The primary fracture mode (Figure 4) was

.-ingl longitudiual crac

The fracture pressures for tube assemblies with small initial

clearances were compared with theoretical curves in Figure 5. These

curves were constructed by using Equation (1) and the followring values:

a = 2. 000 inches

b = 2. 625 inches

c = variable

E, = 1.500.00 and 1.800.000 psi

E2 =10, 000. floo psi

111= 0. 10

[L = 0. 33

3157 psi



,' c -)v y i the vendor ior the graphite was 1. 8 X 10'
t , , ,16 cd t'o be wlth-the-grain. The 1. 5 X 10 6 psi was

v:= , va ad one which probably was leas than an average
.U.r for the with- and acrous-grain moduli. The average modulus,

SX 1 G, p-'i, for* ATJ graphite. for example, was only about 10 percent
thi, the with-graiin modulus, 1. 45 X 10' psi. 4

" P'l')~to~A't4 ratio for the graphite, 0. 10, was a typical value.
',To deter:nine the significance of using this value, failure pressure
'1culationo, .a]L3, were made when using ratios of zero and 0. 2. The

:c,1tig pretstire zoagnitudes only varied about 2 percent from the
e obtained when using a rati- of 0. 10.

The agreement between the results and tleory was reasonPAble
for the tube assemblies with small initial clearances (Figure 5).
Severzd ot the~ failure pressures exceed significantly the predicted
valie8. This behavior might be attributed to the fact that the graphite
was prestieascd compressively. As indicated previously, force was
required in some cases to Insert the graphite tubes completely into the
aluminum sleeves; volumetric shrinkage of the filled-resin while curing
would have becn small, say, 2 percent. The graphite tube failure modes
were primarily a single crack which was readily observable; this mode
aloo was verified by the red dye inepection method for Test No. T-1112
where the failure pressure wab quite low (Table I).

The failure pressures obtained when using large initial clearances
(Figure 6) in general were reduced in magnitude, and several of the
;irti were cilite low. In Table, II, the three low value, associated with
triple cracking were not plotted in Figure 6. These data were discarded
because pre-test inspections of two untested graphite tubes revealed such
damage, and this damage was attributed to excessive chucking pressure
with a 3-jaw chs:ck during machining. The other two low values, Test
No$. T-1119 and T-1127, were not discarded nor can they be explained
since these graphite tubes failed with the usual, single crack.

Figure - ihows theoretical curves for the hoop tension stress in
the aluminum sleeve immediately before and after the graphite tube
fails. The lower curve was constructed by calculating stress values by
;neans of the thick-wall formula for the contact pressures predicted by
Equation (M. The maximum stress developed in the aluminum sleeve
immediately before the graphite fails was of the order of 12, 500 psi for
all wall thicknesses. After the graphite tube fails (it was assumed that
only the aluminum sleeve is available for containing the fluid pressure)
the aluminum would yield for wall thickness of about 0. 040 inch and less.
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&t indlcated that it is iadvantageaus to use the lead
-111:Aty o! both componente of 'a graphite-aluminum composite

at tei erature. To Insure satisfactory performance, the
,q plite IP er 91'utid be free of flaws and contact between the liner and
outer aiieeve miust be positive. Increases In performance could be
obtained by intentionally prestressing compressively the graphite tube.
1Prestccissing would be essential for high -temperature applications since
the therial expansion of the graphite is much less than for aluminum.
Other factorto to be considered would include the thermal stresses in
the sleave maiterial and the heat sink capabilities of the complete
aseembly. it. future studies, attention should be given to the high-
emperature performance of composite tubes with controlled prestressing.

Thit prediction theory wvould have to be modified to account for thermal
etresses aind the anidotropic properties of the liner material; the elastic
constant of this material also should be evaluated thoroughly.



Jable I Fracturo P'res;ureki for Composite Tubes

wztli Sniall Clearances

f Aluminum Fracture
:t N Wall Pressure Time[Te s ' t No. Run No.

'Thickness° at Fracture, (Estimated),

mils psi sec

T -1104 50 1880 220 1

T- 1105 50 *1125 198 1

r- 1106 50 1500 246 1

T-1120 50 1755 141 2

T-1121 50 1390 129 2

T-1122 50 1420 156 2

T-1111 75 2130 148 1

T-1112 75 t875 1

T-1123 75 1645 148 2

r-1124 75 1775 168 2

T-I 1!5 75 2100 161 2

r- 1116 100 1946 193 1

T-I117 100 2170 -=- 1

T-110I 100 2250 189 1

*Pre-test inspection revealed flaw on inside diameter

surface of graphite tube.
JtPost-test inspection revealed single longitudinal failure

crack in graphite tube.
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U be. V e Pjurcu i- Comnpotite Tubes

Aluminum Fracture
Wall Presaure TimeTe N. ,, Run No.
Thicknese. at Fracture, (Estimated),

mils psi sec

T - I 10750 *610 1

T o50 1460 Z42 1

1'109 50 1660 261 1

'- 120 50 1500 --- 2

T -l127 50 t860 Z

T-1128 50 *530 2

-I113 75 1610 168

r-1114 75 1520 174 1

T-1115 75 1880 184 1

Tr- 1i9 75 *700 2

T-1130 75 1800 --- 2

T-1131 75 1800 2

T- 1118 100 2050 --- I

T-1119 100 11300 1

T-1103 t00 1660 1

*Post-test inspection revealed three longitudinal cracks

in graphite tube spaced at approximately 120 degrees.
tPost-test inspection revealed single longitudinal failure

crack in graphite tube.



Figure 1. Test Specimens and Plug Fixture
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